The effect of heating YBa2Cu3Ox in vacuum to 600 °C has been studied using photoelectron spectroscopy and diamagnetic susceptibility measurements. Evidence of two chemically distinct copper and barium species is found in single phase samples at room temperature cleaned by gentle heating at 450 °C. Such annealing also increases the volume diamagnetic susceptibility of the samples which suggests that the preferred stoichiometry of growth does not lead to an optimum superconducting phase. Samples cleaned by vacuum scraping or ion bombardment reveal more amorphous XPS structure and are less indicative of bulk properties.
I. INTRODUCTION
In this report we present the results of a photoemission and diamagnetic susceptibility study of YBa2Cu30^, x = 6.9, undertaken to examine the change of this material when heated in vacuum. Our aim was to understand more thoroughly the role of oxygen in fabricating the superconducting phase. It is believed that our results will also apply to other high Tc materials with a tripled perovskite structure. Heating our samples initially removes a surface phase consisting primarily of hydroxyl species and serves to anneal the as-prepared samples. For example, the volume contributing to the superconducting phase is increased by heating as measured by magnetization. Examining the annealed samples, we also infer the presence of two, chemically distinct barium atoms in the defect crystal associated with disordered chains of defect sites. Extensive heating, although at a relatively low temperature of 600 °C, results in the complete loss of the superconducting phase. However, it is demonstrated that such samples can be regenerated by calcining in the usual manner.
II. EXPERIMENTAL
The preparation of the YBa2Cu30x material from Y2O3, BaCO3, and CuO powders was performed at AT&T Bell Laboratories in a manner described previously.1 Subsequent characterization of the as-prepared samples indicated1 (i) the ac and dc resistance superconducting transition temperature was 91 K; (ii) the structure of the superconducting phase determined by both x-ray and electron diffraction was orthorhombic; (iii) the polycrystalline samples consisted of a single phase.
The photoemission experiments were performed in an experimental chamber equipped with a Leybold-Hereaus EA-11 ESCA analyzer, a Leybold-Hereaus dual anode x-ray source, and a helium gas ultraviolet lamp. The electron analyzer lens system had a spot size of 3 mm, smaller than the sample surface extent. The Al(Ka) anode with photon energy of 1486.6 eV and a 50 eV analyzer pass energy yielding an electron energy resolution of 0.4 eV were used for the XPS studies. Two sample holders were employed: a low temperature probe onto which the samples were pasted into place using silver paint was used for the UPS studies; and a high temperature, quick insertion probe onto which the sample was clipped into place using a Ta foil, which also served to resistively heat the sample, was used for the XPS studies. The low temperature probe allowed cooling to circa 80 K while the high temperature probe could heat the sample in excess of 650 °C. In coordination with the photoemission experiments, the existence of a superconducting phase in our samples was checked by observing the Meissner effect using a vibrating sample magnetometer, Princeton Applied Research Model 155. The sample magnetization was recorded as a function of temperature at low fields, typically 5 gauss.
During the course of our studies, the samples lost their superconducting transition when a large amount of the bulk oxygen was removed by heating in vacuum. It was determined that the sample could be regenerated by heating it to 950 °C in flowing O2 at one atmosphere for approximately 12 h and then slowly cooled to 500 °C over several hours. The sample was weighed prior to and after the heating sequence to establish oxygen uptake. The nominal stoichiometry of the regenerated samples matched that of the as-prepared samples with x = 6.9. The regenerated samples displayed reproducible photoemission spectra and magnetization curves that correlated with the as-prepared samples.
III. PHOTOEMISSION
We first consider the effects of sample heating using x-ray photoelectron spectroscopy, some of which have been summarized in a previous report.' For these measurements the as-prepared samples were scraped initially upon receipt with a diamond file before insertion into vacuum to remove any residual environmental contamination. No subsequent in situ mechanical cleaning was performed. The effects of scraping and ion bombardment sputtering in vacuum are discussed later. All XPS lines were monitored during the course of heat treatment and regeneration and were demonstrated to be highly reproducible. The barium, oxygen, and, to a lesser extent, copper core level spectral lines showed important variations, whereas the Y 3p did not. We concentrate on the oxygen and barium atoms because oxygen is the only element that desorbed into the vacuum during heat treatment and barium is the only element for which all of its atoms are directly influenced by the oxygen defects present in the conventional model of the bulk structure.2'3 The unit cell of this model is presented in Fig. 1 . The missing oxygen defect sites correspond to the 0(4) vacancies of the copper perovskite coordinated cell; cf. Fig. 1 . Figure 2 displays the O Is and Ba Ad core level spectra after different stages of heat treatment. The Ba Ad levels were selected to monitor the effects of this processing since they are better resolved than the 3d states, which have a significantly greater natural line width. Generally, binding energies were determined using the adventitious carbon line at 284.6 eV and each spectrum was normalized to its maximum value.
Curve (a) represents the sample immediately after insertion into the vacuum. The O Is spectrum shows two peaks, suggesting at least two different species of oxygen atoms in the surface region. The Ba Ad spectrum contains three peaks and is the result of a superposition of two distinct Ba Ad5/2, Ad3/2 doublets chemically shifted relative to each other by approximately 1.5 eV. This is sufficiently close to the spin-orbit splitting for this line, which we found to be 2.47 eV in this material, to lead to an apparent triplet. This interpretation is based on consideration of the peak height ratio for the Ba Ad doublet. A simple multiplicity argument suggests a 3:2 ratio between the intensity of the Ads/2 and Ady2 levels; the measured ratios for Ba and BaO by other workers are 1.61 and 1.33, respectively.4
The intense central peak is due to the overlapping of the Ad3/2 level of the lower binding energy C-D double pair and the Ad5/2 level of the higher binding energy D-E doublet pair. The Ba 3d peaks (not shown) also demonstrate this splitting but it is less pronounced due to the larger natural line width of these more deeply bound electronic states. The sample was then heated to ca. 450 °C for 1 min. This heating was sufficient to release a considerable amount of oxygen, as measured in the residual gas analyzer. Only molecular oxygen was identified as a desorbing species from the surface; no detectable amount of water or carbon containing species were observed. Based on our weighing experiments performed later, less than approximately 0.6% of the bulk oxygen was released along with a surface component. The spectra after heating are displayed in curve (b). Note that the lower kinetic energy O Is peak, labeled A, and the highest binding energy Ba Ad peak, labeled C in Fig. 1 , were severely affected.
The sample was subsequently heated a second time to 450 °C for 1 min, resulting in curve (c). An approximately equal amount of the bulk oxygen was released to the vacuum but only a slight reduction in the peak A and C intensities was observed as a result. The sample was subsequently removed from the vacuum and shown to be still superconducting with a 50% increase in volume magnetization. The sample was weighed and it was determined that the sample retained the original stoichiometry of x = 6.9. The sample was then regenerated using the procedure described above and returned to vacuum. Upon initial introduction to the vacuum and after the 450 °C heating the sample produced spectra identical to (a) and (c), respectively.
Curve (d) shows the effect of heating the sample to 600 °C for 4 min. During this treatment we estimate that ca. 10% of the bulk oxygen evolved into the vacuum. Again, only molecular oxygen was detected in the vacuum. The oxygen stoichiometry was determined by weighing to be approximately 6.1. Sample charging caused line shifts of several volts in curve (d) resulting from a loss of conductivity. The energy scale was corrected by lining up the Y 3/7 level, which is presumably less affected by the heating. Heating caused the removal of any detectable carbon line. The Ba Ad is now essentially a pure doublet. When this sample was checked in the magnetometer, there was no evidence of a superconducting diamagnetism down to 1.9 K.
Finally, curve (e) is characteristic of the spectra obtained after a vacuum-heated sample was withdrawn, exposed to atmosphere for about 2 min, and then reinserted into the vacuum. We observed no additional contamination of the sample upon heating or extended (24 h) presence in our chamber at pressures of less than 10~8 Torr.
An exhaustive curve-fitting analysis has been performed for the O Is and Ba Ad levels presented in Fig. 2.1 The results for curve (c) are displayed in the figure. Although several types of backgrounds and line shape functions were tested, they yielded essentially identical results. We selected Gaussian line shapes and linear background subtraction to use in Fig. 2 to demonstrate the important physics using the simplest approach. The binding energies of peaks A and B are 530.6 and 528.0 eV, respectively. A very small third peak near 533 eV is required to fit the spectrum, although its exact binding energy is somewhat line shape dependent. The binding energies for the Ad5a levels in the C-D doublet and D-E doublet pairs are 88.4 and 86.7 eV, respectively, which manifests a 1.7 eV chemical shift. The energy separation for each doublet is found to be 2.47 eV, in good agreement with that of BaO, 2.5 eV.4
To help interpret these data, we refer to the work of Qiu et al.,s who adsorbed water on YBa2Cu30r at low temperatures and have tracked the O Is core level as the sample was warmed from 20 K to 300 K. They could identify three peaks in the spectrum. The lowest binding energy peak was at 529 eV binding energy and represented a bulk oxide O2~ level. The second was at 531 eV and was identified as a surface hydroxyl species, similar to that which is found in water adsorption on transition metal studies. The third at 534 eV was identified as molecular water that desorbed when the sample was brought to room temperature.
For our data displayed in Fig. 2 we interpret peak B to be the bulk O2~ oxide level observed by Qiu et al.5 It is relatively stable throughout our experiments. However, peak A derives from a combination of surface and bulk contributions. Glancing angle emission tests were obtained by rocking the sample in front of the spectrometer to up to 20° take-off angle. For the as-inserted samples, peak A displayed an enhancement relative to peak B when the sample was tilted away from the spectrometer direction. This is suggestive of a surface component. Contrasting curves (a) and (b), the initial heating of the sample diminishes peak A by 60%. Hence, the desorption products due to sample heating derive solely from material characterized by peak A. Finally, curve (e) demonstrates that peak A regains its original intensity when exposed to the atmosphere. We do not believe significant bulk in-diffusion is likely at room temperature and on the 2-min time scale. Therefore, the oxygen initially removed by heating must derive from the chemisorption active sites at the surface. The previous analysis by Qiu et al.5 suggests that the surface component of the A peak is a hydroxyl state. Nevertheless, peak A also contains a bulk derived component. Once the sample was heated, additional rocking tests of the heated samples showed no surface enhancement of the oxygen or barium peaks. Contrasting curves (b) and (c) show that subsequent heating produces only a small reduction in peak A, if any. Finally, referring to curve (d), when the sample is heated at a higher temperature to effect a further reduction in peak A, the superconducting transition is lost altogether. We conclude therefore that peak A of the annealed sample is due to a bulk atomic species and is important to the superconductive phase. The origin of the very weak third O Is peak at 533 eV in curve (c) is not known. However, it is at too low a binding energy and exists at too high of temperatures to be due to molecular water, as was the case in the study of Qiu et al.5
The barium spectra are very similar to those of oxygen in Fig. 2 . Specifically, the high binding energy doublet possesses both a surface and a bulk contribution. Comparing curve (a) to (b) and to (e), it is apparent that the high binding energy doublet is augmented by exposure to atmospheric contaminants, namely water. However, comparing curve (c) for the sample with a superconducting phase to (d) for the sample without a superconducting phase, it is obvious that the high binding energy doublet is necessary for the superconducting phase to occur.
Several ancillary concerns should be discussed in the context of these data. A considerable amount of oxygen was released to the vacuum during the heat treatments. It does not seem possible that the large amount of oxygen detected could have derived originally from the sample surface nor from grain boundaries within the sintered material. Instead, it is most certainly bulk derived. Second, the XPS probe is a bulk probe of material, with its photoelectrons having a mean free path of approximately 40 A below the surface. Trace surface contaminants, such as hydroxyl adsorbates, might remain at the surface but would not contribute strongly to the XPS spectra of the annealed surfaces. Third, as discussed below, the diamond file scraping experiments reveal that the annealed samples retain their XPS derived stoichiometry and XPS line shapes after scraping to many microns below the sample surface. Hence, a presence of near surface impurities cannot explain our results. Furthermore, an essentially negligible amount of carbon was found in the spectra, suggesting that there is no significant residual raw material remaining in these samples. Finally, the samples were established by x-ray diffraction to be solely of the orthorhombic phase at the onset of our measurements. A large contribution due to the presence of alternate phases is not likely.
Our conclusions are at odds with the work of Miller et al., 6 who contend that the high binding energy peaks for the barium and oxygen spectra are due to surface contamination. Their conclusions are based, however, on studies of thin films that differ from the material considered here in that the transition temperature was significantly different from our material, 84 K, and that the film itself was multiphase with a majority of the bulk not having a superconducting phase.
Hence our XPS spectroscopy suggests that there are two chemically distinct barium atoms in the bulk of the material which related to two oxygen species in the material. The two oxygen species arise due to the deficiency of oxygen known to exist in the conventional unit cell. This oxygen defect is a necessary condition for superconductivity. The origin of the two species is due to the existence of oxygen site defects at the O( 1,4) positions in the unit cell; cf. Fig. 1 . Based on a simple two-dimensional Monte Carlo simulation, we interpret1 the two barium sites as possibly arising from variations in the C u -O -C u -0 middle layer chain. Chain kinks and redirections should easily occur in this material and if randomly distributed would introduce two essentially different, but not equally distributed, chemical environments for the barium sublattice atoms.
Although considerable changes were observed in the O Is and Ba Ad spectral lines upon mild sample heating (450 °C) and concomitant oxygen removal, somewhat less dramatic changes occurred in the Cu 2pm and 2pm lines, near 954 and 934 eV binding energies, respectively. These lines are displayed in Fig. 3 , where each is observed to possess a main peak and a satellite. Curve (a) reflects the sample immediately after insertion into the vacuum. The main peaks are broadened into a doublet structure which is poorly resolved due to limited instrumental resolution and broad natural line widths. In curve (b) the sample has been heated to 450 °C. The high binding energy component diminishes upon gentle heating in analogy to the response of the O \s peak A in Fig. 2, curves (a) vs (b) . This tends to introduce an apparent chemical shift of ca. 0.5 eV to lower binding energies in each main line. The broad copper oxide derived satellites display no dramatic changes upon heating, although some narrowing occurs. Curve (c) is the spectrum after the sample has been heated to 600 °C, removing the superconducting phase. The satellite intensities are dramatically reduced in comparison to the main peaks with this final heating. Curve analysis reveals that the satellite-main line splitting increases in curve (c) by 1.3 eV.
The Cu 3p doublet at 76.5 eV binding energy is observed to be broad and poorly resolved using the XPS spectrometer. When the sample is first inserted, there is evidence of a triplet whose higher binding energy feature diminishes when lightly heated and which reappears when re-exposed to atmosphere. This behavior to analogous to that of the Ba Ad core levels. When heated to lose the superconducting phase, the Cu 3p narrows into a somewhat better resolved doublet line shape.
Valence spectra were recorded using XPS and showed a characteristic three peak spectra over the first 50 eV binding energy.7"9 Due to the low signal to noise inherent in these spectra, no significant conclusions could be made about the impact of sample processing on the valence bands. Specifically, we have no evidence of an oxygen induced enhancement in the density of states near the Fermi level. UPS spectra using He-i, 21.2 eV, and He-n, 40.8 eV, light were also recorded of the as-inserted samples at room temperature and at 80 K. The UPS spectra reproduced the XPS valence spectra. There was also essentially no difference between the spectra taken at low temperature and those taken at room temperature. Unlike the case in XPS, however, valence state derived photoelectrons detected in UPS have low kinetic energies, approximately ten electron volts, where their mean free is of the order of 5 A. Such electrons derive, therefore, primarily from the surface phase of the material. As one cannot rule out the presence of a very thin surface phase in vacuum scraped or annealed samples which is dissimilar in fundamental character from the material bulk, we cannot interpret the UPS results as a significant indicator of bulk electronic structure.
IV. MAGNETIZATION
The superconductivity of the samples used in the XPS study was checked between heat treatments by measuring their magnetization. A separate portion of the original material was used initially to characterize the YBa2Cu30x samples.10 In Fig. 4 the magnetization of a typical sample as a function of temperature is plotted. The transition temperature in a field of 10 gauss is near 90 K; the sample experiences a total change in magnetization of -1.7 x 10 2 emu-Oe upon cooling. The sample volume was approximately 0.03 cm3, giving rise to a value of the diamagnetic susceptibility x of -0.057 emu. Compared to -1/4TT, the value of a perfect diamagnet, this value indicates that approximately 70% of the volume becomes superconducting. None of the samples measured had a value greater than 73%. Figure 5 depicts the magnetic phase diagram derived from these data for YBa2Cu3O^.10 Due to the incomplete diamagnetic response of the sample and to a strong field relaxation experienced by the bulk of this type II superconductor, the exact determination of the low field critical line Hcl is difficult. The data presented in the phase diagram represent our best estimate of the point where the relaxation effect is zero. The slope of Hcl near Tc is 5 Oe/K. A plot of the magnetization vs time suggests that the decay rate is exponential and is suggestive of the spin-glass behavior.l0 The as-prepared sample used in the XPS studies had an initial magnetization prior to any heat treatment of -1.2 x 10~2 emu-Oe at 70 K; the onset of diamagnetism was 90 K. The sample was then vacuum heated and the magnetization measurement repeated; the diamagnetic response actually increased by 50% and the onset temperature lowered by about 1 K. This set of measurements was repeated after the sample was regenerated and we obtained identical results.
The shift of critical temperature is at the limit of our overall temperature resolution and therefore may be an experimental artifact arising from the manner one obtains the transition temperature from the magnetization plots; cf. Fig. 4 . The increase of volume magnetization upon annealing, however, is much more substantial. One possible explanation for this might be that the superconducting transition would favor an oxygen concentration somewhat less than the amount favored during the growth process. At the higher oxygen concentrations of the as-prepared material the superconducting phase still exists but in some way contains more flux traps than in the vacuum heated case. Low temperature vacuum annealing then removes the extra flux trap defects, leading to a more perfect diamagnet. The low susceptibility and the improvement induced by the annealing process support a picture of the percolative character of the superconductive process in the polycrystalline material. Alternatively, the XPS measurements suggest that when annealed the surface region takes on the bulk phase order. However, this metamorphosis cannot explain the magnetization effect since the ratio of the number of surface atoms to that of the bulk, even in this sintered material, is too small to accommodate the magnetization enhancement.
V. SCRAPING AND SPUTTERING
In Fig. 6 the O Is and Ba Ad spectra are presented for a different sequence of processing steps. Curve (a) represents a regenerated sample and is comparable to the corresponding curve in Fig. 1 . It is included here for reference. Curve (b) was obtained after scraping the sample in vacuum with a clean diamond file. The spectrum in curve (c) is characteristic of the results following sputter etching of the sample with argon ions, typically at 1000 eV incident energy, 3 x 10~7 Torr Ar pressure, 1 ju.A sputter current, for 10 min.
We found in the in situ scraping experiments, curve (b) in Fig. 6 , that upon initial scraping the oxygen, barium, and copper line shapes each are altered by the surface modification. This is due to the loss of adsorbed oxygen at the surface. However, further scraping did not further modify the spectra. This establishes that there is no differential accumulation of these elements at the surface and that there is no significant residual raw material species in the samples. Unlike the experience of Miller et al.6 when treating bulk material, we did not experience any largescale dislocation of material when scraping our sample. Only a fine powder was removed from the sample by the diamond file.
Curve (b) should be compared to curve (b) or (c) in Fig. 2 . The latter spectrum represents a sample whose surface phase has been removed by gentle heating at 450 °C. From Fig. 6 it is evident that mechanical scraping causes the XPS lines to become broadened and less resolved than the corresponding annealed surface of Fig. 2 . It would seem that the mechanical method of "cleaning" the sample surface tends to introduce a greater degree or spatial extent of the surface phase than heating does. This phase, which may be the result of a variable stoichiometry or general structural disorder, differs in detail in its electronic and geometric characteristics from that of the bulk. In turn, this would suggest that, for example, photoemission studies of mechanically cleaned surfaces must necessarily be biased in favor of the electronic structure of the surface rather than the bulk. An example of this may be found in the report of Steiner et al., 9 who cleaned their samples mechanically. Just as our data demonstrate, their barium photoemission spectra also suggest two sets of Ad peaks. However, their spectra are more poorly resolved than those we present in Fig. 2 and have a radically different peak height intensity ratio and spin orbit splitting values.1
Finally, the effect of sputter etching is presented in curve (c) of Fig. 6 . All core levels, including the copper ones not shown, exhibit considerable changes upon sputtering. This is probably due to differential removal rates and induced disorder, making the sputtered surface most unrepresentative of the bulk material.
